Nanotechnology in the lab research has been one of the most challenging work during the last two decades. In order to realize the ultimate goal of creating novel functional materials, the methods for the precise mutual arrangement of the individual molecules need to be increasingly developed. One of the most promising approaches to date is the "bottom-up" strategy or molecular self-assembly[@b1][@b2]. Under this principle, there has been tremendous progress in the engineering of high ordered molecular architectures over the past few years[@b3][@b4][@b5][@b6][@b7]. The supramolecular architectures are usually formed through the intermolecular weak non-covalent forces including the hydrogen bonding, π--π stacking, electrostatic interactions, metal-ligand coordination and van der Waals interactions between molecules[@b8][@b9][@b10][@b11][@b12]. In recent years, covalent chemical bonding has flourished as a new strategy to prepare novel two-dimensional (2D) functional structures at the surface. It has also been well demonstrated that the 2D supramolecular structures produced by covalent bonding are superior in thermal stability as compared to those formed by non-covalent interactions, because of the relative stronger chemical bonds between the building blocks[@b13][@b14][@b15][@b16][@b17][@b18]. Notably, most studies have been performed on clean metallic surfaces using well-defined ultrahigh-vacuum (UHV) conditions. For instance, various higher-molecular-weight hydrocarbons resulting from C-H bond activation and direct C-C coupling reactions have been achieved at appropriate metal surfaces under UHV conditions[@b19][@b20][@b21][@b22][@b23][@b24]. Apparently, the metallic surfaces possess good catalytic activity, whereas some unfavorable reactions under ambient conditions can be initiated at the surface under UHV conditions, which offers scientists many opportunities to manufacture newfashioned structures and materials. However, such condition makes it extremely difficult to simulate the real reactions in solution and to explore the mechanisms of chemical reactions afterwards. Therefore, one has to carefully choose the reactants and reactions from the very beginning in order to eliminate the solvent effects. In fact, as in this work, the surface carbon-carbon coupling in a solution environment can also be feasible though such study was surprisingly rare until now.

Solvent effects on the organic chemical reactions have been widely investigated by self-consistent reaction field (SCRF) theory[@b25][@b26]. On the other hand, revealed by scanning tunneling microscopy (STM) technique, solvent has also been affirmed as an important factor in controlling and tuning the 2D surface molecular self-assembled progress as well as structures, which makes the supramolecular self-assembly at the solid/liquid interface more available and diverse[@b27][@b28][@b29][@b30]. Herein, utilizing the obviously solvent-induced supramolecular self-assembly, we, for the first time, obtain the selective surface Glaser coupling on a highly oriented pyrolitic graphite (HOPG) surface which is commercially available at an affordable price and highly stable in air. As a result, the solvent effects on the supramolecular chemistry have been extended from the 2D crystal engineering to surface reactivity.

Results
=======

With a long alkoxy chains and two terminal alkynes, the monomer (5-(dodecyloxy)-N1,N3-di(prop-2-ynyl)isophthalamide, named DPIA, [Fig. 1](#f1){ref-type="fig"}) for Glaser coupling was designed and synthesized (see the [supplementary information](#s1){ref-type="supplementary-material"}). To better describe the assembled structures afterward, we divided a DPIA molecule into three parts, and named the two amide-connected terminal alkyne groups as antenna, the benzene ring as head, and the long alkoxyl chain as tail. Before performing the surface Glaser coupling, we firstly investigated the self-assembled structures of DPIA in two types of solvents with opposite polarity. [Figs. 2(a)](#f2){ref-type="fig"} and [3(a)](#f3){ref-type="fig"} displayed the physisorbed monolayers of DPIA at the 1-phenyloctane/HOPG and 1,2,4-trichlorobenzene/HOPG interface, respectively. Clearly, though periodic and ordered structures can be observed in these two solvents, the DPIA organized two totally different supramolecular patterns. In other words, the self-assembly of DPIA molecules at graphite surface appears significant solvent effects.

At the 1-phenyloctane/HOPG interface, the DPIA molecules assembled into the lamellar structure with alternating dark and light bands, as shown in [Fig. 2(a)](#f2){ref-type="fig"}. With a measured width (d~1~) of 0.7 nm, the bright bands should be attributed to the head and the antenna parts, due to their higher tunneling efficiency. And the remaining alkyloxy chains of DPIA co-assembled with the adsorbed 1-phenyloctane molecules (marked by the green dotted circles), which can be found in the dark bands. Because of the weak interactions between the antenna part and the substrate, the assembed structures along the bright bands seemed to be confused and disordered. Fortunately, the distinct organization of alkoxy chains can help us constructing a tentative molecular model. As presented in [Fig. 2(b)](#f2){ref-type="fig"}, the long chains of DPIA molecules in two neighboring lamellae were interdigitated, but the terminal alkyne groups of adjacent monomers were parallel to each other along the bright bands, forming a reversed shoulder-to-shoulder organization.

However, DPIA assembled into a close-packed structure with bright feature can be clearly observed in 1,2,4-trichlorobenzene (TCB) ([Fig. 3(a)](#f3){ref-type="fig"}). Separated by the blind ditch (indicated by the colored arrows), the self-assembled structures showed row characteristics. In each row, two DPIA molecules formed into a dimer through the van der Waal interaction of their interdigitated alkoxyl chains. Different from that in 1-phenyloctane, each bright dot (with the length (*L*) of 1.1 nm) in TCB should be ascribed to the antenna and the head as well as partial alkoxy chain of an individual DPIA molecule. Moreover, the spots nearby the colored arrows seemed bigger, which may correspond to the terminal alkyne groups. That is to say, at the HOPG/TCB interface, the terminal alkyne groups in adjacent rows organized into a face-to-face conformation as displayed in [Fig. 3(b)](#f3){ref-type="fig"}.

Since the Glaser coupling can be initiated under suitable conditions, such as in solution[@b31][@b32][@b33] and at surface[@b34][@b35][@b36], the direct covalent coupling of the terminal alkyne derivative in our system will occur after the subsequent treatment of these two DPIA-covered HOPG surfaces (see the method section). Therefore, new compounds will be produced, leading to the structural transformation and formation of novel 2D supramolecular structures.

As shown in [Figs. 2(c)](#f2){ref-type="fig"} and [3(c)](#f3){ref-type="fig"}, the original lamellar structure of DPIA in 1-phenyloctane transformed into the extended zigzag polymers, while the close-packed structure in TCB has been replaced by the cyclic dimer (indicated by the blue dotted circles in [Fig. 3(c)](#f3){ref-type="fig"}). It is obvious that the DPIA molecules underwent a polymerization and cyclic dimerization coupling route in 1-phenyloctane and TCB, respectively ([Fig. 1](#f1){ref-type="fig"}), which were also proved by the attenuated total reflectance (ATR) Fourier-transform infrared (FT-IR) experiment. As presented in [Fig. 4](#f4){ref-type="fig"}, there appeared an IR spectrum peak at 3294 cm^−1^ (blue curve), which was assigned to be the typical stretching vibration of alkyne C≡H, when using 1-phenyloctane as the solvent. However, this spectrum cannot be found in the case of the structure synthesized at 1,2,4-trichlorobenzene/HOPG interface (green curve), that is to say, there was nearly no C≡H sign in the structure of final product synthesized at TCB/HOPG interface. So it can be confirmed that the product at TCB/HOPG surface may almost be cyclic dimers, but that at 1-phenyloctane/HOPG interface may mainly be linear polymers.

Discussion
==========

In general, the chemical reactions result from the collisions between molecules. Compared with the free movement in solution phase, the molecules adsorbed on a solid surface are usually limited within the two dimensions. Nevertheless, such surface confinement can promote some unique reaction pathways[@b23]. For our system, the translational and rotational motion of molecules was ensured on the HOPG surface with poor reactivity, and the selective coupling reaction should be dominated by the solvent-dependent supramolecular self-assembly of the monomer precursors. Upon addition of the pyridine solution containing Cu(OAc)~2~·H~2~O into the well-ordered structures on graphite, the terminal alkynes group coordinated with the copper ions to form a metal-organic complex, and followed by the deprotonation of the complex with the help of pyridine[@b32]. As a result, two terminal alkyne groups of the two closest DPIA precursors produced a new diacetylene unit with C-C coupling.

In 1-phenyloctane, the terminal alkyne groups of the nearest DPIA molecules organized in a shoulder-to-shoulder pattern. Therefore, the best strategy for coupling was linear polymerization along the bright band, and one DPIA molecule in this case only need tune itself in a short distance (less than 0.1 nm). Eventually, the DPIA monomers fabricated the extended zigzag polymers. After polymerization, the width (d) of the bright bands of the structure at the 1-phenyloctane/HOPG interface became wider (from d~1~ = 0.7 nm to d~2~ = 1.2 nm), while the dark lamellae became shorter (from L~1~ = 2.0 nm to L~2~ = 1.4 nm). On the other hand, since the terminal alkynes groups of the nearest DPIA molecules displayed a face-to-face model at TCB/HOPG interface, the proper coupling way for the monomer was cyclic dimerization to form a cyclic diacetylene. Notably, after reaction in TCB, the periodic distances along *a* and *b* directions ([Fig. 3(d)](#f3){ref-type="fig"}) were measured to be both expanded (0.3 nm for *a*, and 0.2 nm for *b*), which may result from the movement of the terminal alkynes and also the alkyl chains of DPIA molecules ([Fig. 3(d)](#f3){ref-type="fig"}) in the reaction process.

However, it should be noted that not all solvents were suitable to the coupling reaction of this terminal alkynes derivative on HOPG, because of the solubility of reactors and catalyst. At the same time, both the polymers and the cyclic dimmers can only be obtained at the presence of pyridine and copper salt, that is to say, the homo-coupling of terminal alkyne resulted from the synergetic effect of the metal-ligand coordination and deprotonation. Besides, similarly to the on-surface polymerization of a linear alkane[@b23], we found such ordered polymers and cyclic dimers can only be synthesized through the direct chemical coupling on graphite surface. The product synthesized in solution phase was a mixture of dimer, trimer, tetramer and pentamer (see [supplemetary information](#s1){ref-type="supplementary-material"}), and it cannot form well-ordered nanostructure on graphite surface[@b12]. Though no information of the product by ex-situ method was probed on HOPG, it can demonstrate that the above-mentioned linear polymerization and cyclic dimerization indeed happened on surface rather than in solution, whereas the surface reaction was still an unaccountable problem until now.

In summary, the controllable and selective Glaser-coupling of a special terminal alkynes derivative was successfully realized at the HOPG/liquid interface. It has been confirmed that such selective coupling reaction resulted from the solvent-regulated 2D supramolecular assembly of the monomer precursors. In 1-phenyloctane, the monomers assembled into well-ordered lamellar structures with a reversed shoulder-to-shoulder conformation of their terminal alkynes groups. But in TCB, the precursors assembled into close-packed structures with a face-to-face organization of the terminal alkynes. As a result, the monomer underwent the polymerization and dimerization in 1-phenyloctane and TCB, respectively, after suitable treatment of the monomer-covered HOPG surfaces. Thus it can be concluded that the solvent effect on supramolecular chemistry can be delivered from 2D self-assembly to surface reactivity. Needless to say, this work provided a new strategy for functionalizing surfaces, and importantly it opened up a road from the controllable supramolecular crystal engineering to the selective chemical reactions on surface, which is of importance in supramolecular chemistry and nanotechnology.

Methods
=======

STM measurements were performed with a Nanoscope IIIa (Bruker, USA) under atmosphere conditions. Cu(OAc)~2~·H~2~O (Acros company) and the solvent mentioned ((1-phenyloctane, pyridine and 1,2,4-trichlorobezene), TCI company) were used without further purification. The STM images presented were acquired in constant current mode using a mechanically formed Pt/Ir (80/20) tip. All STM images provided were raw data without any treatment expect for the flattening procession and the drift was calibrated using the underlying graphite lattice as a reference. The specific tunneling conditions including tunneling current (*I*~set~) and sample bias (*V*~t~) are given in the corresponding figure captions. The molecular models were built with a HyperChem software package. Prior to imaging, the monomer DPIA was disolved in 1-phenyloctane or 1,2,4-trichlorobezene (TCB) with the concentration less than 10^−4^ M. A droplet (0.4 μL) of solution was applied into a freshly cleaved highly oriented pyrolytic graphite (HOPG) (grade ZYB, NTMDT, Russia) surface. The sample was immediately annealed at 60°C for 15 minutes, then the STM tip was immersed in solution, and images were recorded at the liquid-solid interface. After imaging the assembled structure of the sample by STM, a drop of pyridine (0.6 μL) containing Cu(OAc)~2~·H~2~O (10^−3^ g/L) was added into this HOPG surface, the content of copper salt used in each surface sample is about 0.6 × 10^−9^ g. It should be noted that pyridine in our experiment is not only a catalytic but also a good solvent for the copper salt. Then, the samples were again annealed at 60°C for 1 h. After that, the reacted samples were washed with the ethanol and again investigated by STM at the liquid/solid interface. One thing we should mention is that we add some pure solvent (1-phenyloctane or TCB) onto the reacted samples when doing STM investigation, in order to keep liquid/solid interface. When finishing STM investigation, we performed the infrared spectra to characterize the structure difference in the on-surface synthesized product using these two solvents. Infrared spectra were obtained in the 4000--600 cm^−1^ range using a Varian 3100 Fourier-transform infrared (FT-IR) instrument equipped with an attenuated total reflectance (ATR) attachment.
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![The two coupling models of DPIA in 1-phenyloctane (left) and 1,2,4-trichlorobenzene (TCB) (right).](srep03899-f1){#f1}

![(a) STM images of the self-assembled structures of the monomer DPIA at 1-phenyloctane/HOPG interface. *I*~set~ = 258.1 pA, *V*~bias~ = 720 mV. (b) A suggested molecular model corresponding to the observed structure in (a), and the green parts represent the 1-phenyloctane molecules. The green parts represent the co-adsorbed 1-phenyloctane molecules. (c) STM images of the self-assembled structures after treatment of the DPIA-covered HOPG surface. *I*~set~ = 258.1 pA, *V*~bias~ = 680.5 mV. (d) A tentative molecular model for the observed structure in (c).](srep03899-f2){#f2}

![(a) STM images of the self-assembled structures of the monomer DPIA at TCB/HOPG interface.*I*~set~ = 300 pA, *V*~bias~ = 600 mV. (b) A suggested molecular model corresponding to the observed structure in (a), the unit cell parameters are: a~1~ = 2.0 ± 0.1 nm, b~1~ = 4.0 ± 0.1 nm, and α~1~ = (78 ± 1)°. (c) STM images of the self-assembled structures after treatment of the DPIA-covered HOPG surface. *I*~set~ = 300 pA, *V*~bias~ = 625 mV. (d) A tentative molecular model for the observed structure in (c), the unit cell parameters are: a~c~ = 2.3 ± 0.1 nm, b~c~ = 4.2 ± 0.1 nm, and α~c~ = (71 ± 2)°.](srep03899-f3){#f3}

![ATR-FTIR spectra in the 4000--600 cm^−1^ region of the product synthesized at 1-phenyloctane/HOPG interface (blue curve) and TCB/HOPG interface (green curve).](srep03899-f4){#f4}
